Though focused ion beam (FIB) is one of the candidates to fabricate the nanoscale patterns, precision milling of nanoscale structures is not straightforward. Thus this poses challenges for novice FIB users. Optimal determination in FIB parameters is a crucial step to fabricate a desired nanoscale pattern. There are two main FIB parameters to consider, beam current (beam size) and dose (beam duration) for optimizing the milling condition. After fixing the dose, the proper beam current can be chosen considering both total milling time and resolution of the pattern. Then, using the chosen beam current, the metal nano hole structure can be perforated to the required depth by varying the dose. In this experiment, we found the adequate condition of 0.1 nC/μm 2 dose at 1 pA Ga ion beam current for 100 nm thickness perforation.
I. Introduction
Nanoscale structures can potentially be used for various applications, such as biosensors [1] , solar cells [2, 3] , 3-D structures [4, 5] , plasmonic arrays [6] [7] [8] [9] [10] , nano-optical filters [11] [12] [13] , micro electro mechanical systems structures [14] , and honeycomb structures [15] . There are several techniques for nano structure fabrication such as photolithography, electron beam lithography. Conventional photolithography such as ArF photolithography, is limited in its resolution due to Abbe diffraction limit [16] . Electron beam lithography can provide finer resolution but it requires several steps of spin coating, developing, and etching. Hence it may not be suitable for certain nanostructure applications. To overcome these limitations in nano prototyping techniques, the direct patterning based on focused ion beam (FIB) has gained an interest from researchers studying nano scale devices [17] . Although FIB has difficulties in both large area fabrication and throughput, nanostructure mold fabricated by FIB can further be used with roll-to-roll nanoscale imprinting for scalable nanofabrication processes [18] .
3-D schematics of general FIB structure drawn with Rhino design tool is shown in Fig. 1 to help understanding of the conventional beam path from metal ion source to sample when operating the FIB in- strument [19] . Usually FIB uses the liquid metal ion source (LMIS) to generate the ion [20] , because melted metal provides small metal tip for high resolution.
And among several metallic elements, gallium (Ga) is typically used because of its low melting temperature Octopole controls the shape of the beam to achieve a good quality of beam. Then, objective lens is focusing the concentrated beam on the sample to perforate [20] . 
II. Experiments
For the fabrication of the metallic nano hole arrays, a sample of gold film sputtered on glass substrate was prepared first and then, relevant nano patterns were milled on the sample by using FIB.
There are two major fabrication parameters to determine optimal milling condition in FIB process, beam current and dose. Between the two parameters, one was fixed while controlling the other parameter.
In this paper, fabrication of a metallic nanostructure or nano hole array was carried out on the gold film using a dual beam FIB machine (JEOL, JIB-4601F).
This dual beam design has an advantage of minimiz-Journal of the Korean Vacuum Society 22(5), 2013 ing sample damage from the Ga ion gun by reducing the ion beam exposure time on a sample. Table 1 shows a major specification of FIB instrument we used in this experiment. The pattern can be drawn with the combination of spot, rectangle, and line or in the format of BMP file. The emission current is related to the resolution but low emission current means that beam current may not be stable. Therefore the extraction voltage in the instrument is configured automatically to extract a fixed emission current value of 2.0 μA. This extraction voltage is the field emission energy to break the bond of the melted Ga so that the Ga ions can be emitted from the source [22] . And the acceleration voltage is fixed to 30 kV.
Sample preparation
In this experiment, 1 inch-size glass substrate with 700 μm in thickness was prepared using a DC sputtering deposition tool (SNTEK). Before sputtering gold on to the glass, the substrate was cleaned using acetone, IPA, and DI water in ultrasonic bath for 5 minutes, respectively. We prepared the 100 nm thick gold film by sputtering for 125 seconds at a working pressure of 3 mTorr of 30 sccm Ar gas and a DC power of 300 W. Thickness of the sputtered gold film was proportional to a deposition time.
Fabricating parameters: beam current and dose
To find the independent effect of beam current on 
III. Results and Discussion
There Table 2 . Fig. 2 shows the SEM images of the hole sizes fabricated using the beam current from 1.00 pA to 100.00 pA.
The relationship between the hole size and the beam current is presented in Fig. 3 based on the data from Table 2 . In this experiment, beam current of 1 pA is chosen to perforate the 100 nm size of the hole. Beam current of 3 pA produces excessively large hole than the size of the original pattern and it potentially exposes more to Ga ion damage. Therefore, beam current of 1 pA is proper to perforate the 100 nm sized hole. shown in Fig. 4 , we can determine an optimal condition for perforation. In Fig. 4 , to determine the optimal dose for perforating 100 nm in depth, 200 nm size nano hole is used instead of 100 nm size hole, because size of hole is not a concerned parameter.
Analysis of depth vs. dose is shown in a graph in Fig.   5 . Milling with a dose of 0.02 nC/μm 2 is under perforated ( Fig. 4(a) ) and a dose of 0.2 nC/μm 2 is clearly over perforated (Fig. 4(c) ). Therefore 0.1 nC/μm 2 is determined to be a suitable dose for milling 100 nm thick gold metal film.
Cross-sectional image of the perforated shape is shown in Fig. 6 and is analyzed by measuring the 
